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Introduction {#s1}
============

Hogs in the United States are primarily grown on industrial hog operations (IHOs), which are characterized by high densities of hogs grown in confined spaces ([@c30]). To prevent disease outbreaks and until recently, to promote animal growth, hogs are routinely fed antibiotics ([@c28]). This practice can select for antibiotic resistance among bacteria that circulate among animals ([@c28]). Since 2005, strains of antibiotic-resistant *Staphylococcus aureus*, including methicillin-resistant (MRSA) and multidrug-resistant *S. aureus* (MDRSA), have been detected among hogs grown on industrial operations in the United States, the European Union, and several Asian countries ([@c8]; [@c46]). These animal-associated strains can spread to occupationally exposed individuals, such as livestock operation workers and veterinarians, resulting in nasal colonization or infection ([@c4]; [@c58], [@c59]). Between 20% and 60% of persons with frequent livestock contact have been found to persistently carry these bacteria in their noses ([@c24]; [@c34]; [@c50]; [@c56]). Colonization with livestock-associated *S. aureus* can supplement or replace human-adapted *S. aureus* ([@c34]; [@c56]), which persistently colonize the nasal cavities of approximately 20% of the general population ([@c23]). In the European Union, *S. aureus* clonal complex (CC) 398 predominates among hogs and hog-exposed individuals, whereas CC9 appears to predominate in Asia ([@c7]). In the United States, both clones have been described among hogs and hog-exposed individuals ([@c40]; [@c46]; [@c49]).

Livestock-associated *S. aureus* can spread from nasally colonized individuals via human-to-human contact, albeit less effectively than non-livestock--associated strains ([@c5]; [@c10]; [@c55]). The sharing of livestock-associated *S. aureus* between IHO workers and their household contacts has been documented in several European countries ([@c16]), as has a growing incidence of colonization in the broader community ([@c26]). Individuals exposed to livestock-associated *S. aureus* are at risk of developing mild-to-severe infections, including skin and soft tissue infections (SSTIs), wound infections, pneumonia, endocarditis, osteomyelitis, and bacteremia ([@c44]; [@c47]; [@c59]). In Denmark, most SSTIs caused by livestock-associated *S. aureus* occur among healthy IHO workers and their household members ([@c25]). However, most bacteremia caused by livestock-associated strains are among elderly and immunocompromised persons who lack animal contact but live in rural communities where hog farms are concentrated ([@c25]). Thus, from a public health perspective, it is critically important to prevent the off-farm transmission of livestock-associated *S. aureus* not only to protect the health of workers and their household contacts, but the health of community members who may be at higher risk for invasive staphylococcal disease.

The impact of IHO workers' occupational activities, including the use of personal protective equipment (PPE; e.g., gloves, coveralls, face mask, boots) on IHO workers' own nasal carriage of livestock-associated *S. aureus* remains unclear ([@c31]). A 2014 cohort study of hog farmers in the Netherlands observed a protective effect of continuous face mask usage on persistent MRSA nasal carriage ([@c53]). However, among other studies conducted in Europe, most have found null or, paradoxically, a positive association between face mask and other PPE use and prevalence of *S. aureus* nasal carriage ([@c13]; [@c51]; [@c61]). Two cross-sectional studies examined the impact of PPE on workers' nasal carriage of livestock-associated *S. aureus* in the United States, and both have observed a potential protective effect. A 2008--2010 cross-sectional study of 148 hog operation workers in Iowa observed a decrease in MRSA ST398 nasal carriage among workers who reported use of coveralls and eye protection, although these associations were not statistically significant ([@c43]). In 2016, a cross-sectional study of 103 IHO workers in North Carolina (a baseline analysis of the cohort described here) found nasal colonization with *scn*-negative *S. aureus* (absence of *scn* indicates livestock adaptation) was less prevalent among workers who always used face masks versus those who never used them ([@c35]).

In the United States, workers at industrial food animal production operations may not always be provided with PPE by their employers, and their use of PPE may be inconsistent ([@c18]). Studies that characterize the relationship between transient (time-varying changes) and habitual (time-averaged) work activities, including on-the-job PPE use, and changes in nasal carriage of livestock-associated *S. aureus* among IHO workers in the United States are lacking. Further, as household members have not been included in the few repeated-measures studies conducted thus far ([@c34]; [@c50]), it remains unknown whether variability in IHO work activities, including PPE use, might impact their household members' nasal carriage of livestock-associated *S. aureus* over time.

In this study, we examined the temporal dynamics of *S. aureus* nasal carriage among IHO workers and their household contacts participating in a 4-month, repeated-measures cohort study in eastern North Carolina. Specifically, we examined *a*) the persistence of nasal carriage of *S. aureus* and related outcomes (antibiotic-resistant and livestock-associated strains) among IHO workers and their household contacts during study visits every 2 weeks (i.e., biweekly) over 4 months; *b*) whether IHO workers' transient (time-varying at biweekly intervals) occupational activities, including use of PPE, were related to their *S. aureus* nasal carriage patterns; *c*) whether IHO workers' habitual (time-averaged across all biweekly visits) occupational activities, including use of PPE, were related to changes in biweekly *S. aureus* nasal carriage among both IHO workers and their household contacts; and *d*) potential *S. aureus* transmission events between IHO workers and their household contacts.

Methods {#s2}
=======

Data were collected between October 2013 and June 2014 by community organizers from the Rural Empowerment Association for Community Help (REACH) with researchers from the Johns Hopkins Bloomberg School of Public Health (JHSPH) and the UNC Gillings School of Global Public Health at the University of North Carolina at Chapel Hill (UNC).

Data Collection {#s2.1}
---------------

Volunteers were recruited through snowball sampling by community organizers from REACH. Livestock workers who fit the following criteria were eligible to participate: worked at an IHO, defined as farming operations where high densities of hogs are raised in confinement with nontherapeutic and therapeutic antibiotic inputs; resided in North Carolina; could speak English or Spanish; and were at least 18 y of age. Up to three individuals living in the same household as an IHO worker were eligible to participate if they were at least 7 y of age and spoke English or Spanish. Individuals who reported current employment at an IHO were not eligible to enroll as household members, although they could enroll as additional IHO workers living in the same household. Before participating, adult participants provided written informed consent. Written parental permission and informed assent were collected for participants 7--17 y of age. The JHSPH institutional review board (IRB) approved this study (IRB00004608). The UNC NonBiomedical IRB approved reliance on the JHSPH IRB.

Participants responded to a baseline questionnaire at enrollment and up to eight questionnaires every 2 weeks (i.e., biweekly) during the 4 months after the baseline visit, each administered by a community organizer. The baseline questionnaire assessed demographic information, household-level characteristics, and habitual (time-invariant) activities that could be related to antibiotic-resistant *S. aureus* exposure. At each biweekly visit, participants recalled personal and occupational activities within each of the two 1-week periods since the prior study visit. Both questionnaire types were reviewed with REACH and its community organizers and with current and former IHO workers for comprehension prior to the start of the study. All REACH community organizers were trained on questionnaire data collection in order to ensure congruity between organizers in how questions were posed and interpreted (including in the case of surveys of Spanish-speaking participants).

Participants provided a self-collected BD BBL CultureSwab™ (BD Diagnostics) from both of their nares each time a baseline or biweekly study questionnaire was completed. Community organizers supervised participants' self-collection of nasal swabs.

### Detection of *S. aureus* and MRSA. {#s2.1.1}

Swabs were stored at the REACH office at $4–8{^\circ}C$ prior to transport, and analyzed within 17 d of collection ($\text{median} = 6\; d$). Upon arrival, swabs were vortexed in phosphate buffered saline (PBS) and either processed immediately or diluted with an equivalent volume of tryptic soy broth with 40% glycerol (w/v) and stored at $- 80{^\circ}C$ for later processing.

An aliquot of fresh or thawed PBS eluate was directly plated onto CHROMagar™ Staph aureus plates (BD) and incubated overnight at 37°C. Presumptive *S. aureus* colonies (distinguished by mauve color) were hand counted to determine the number of colony forming units (CFUs) per nasal swab. If plating of the neat solution yielded colonies that were too numerous to count, serial dilutions from the remaining PBS eluate were plated on CHROMagar Staph aureus and incubated overnight at 37°C. Up to two colonies with *S. aureus* morphology were streaked to isolation on trypticase soy agar with 5% sheep erythrocytes (blood agar; Remel). Swabs without characteristic *S. aureus* growth following direct plating of PBS eluate were enriched overnight at 37°C in $10\;{mL}$ Mueller-Hinton broth with 6.5% NaCl, streaked onto both Baird Parker and CHROMagar Staph aureus plates ([@c33]), and incubated at 37°C for 24 h. Up to two colonies with *S. aureus* morphology from either media were then streaked to isolation on blood agar. One presumptive *S. aureus* colony per swab was assessed for the presence of the staphylococcal protein A (*spa*) gene, the *lukS-PV* and *lukF-PV* genes encoding Panton-Valentine leukocidin (PVL), and the *scn*, *mec*A, and *mec*C genes, as previously described ([@c35]). Colonies positive for *spa* were determined to be *S. aureus*; isolates with *spa* and either *mec*A or *mec*C were classified as MRSA.

### Strain typing. {#s2.1.2}

The *spa* typing was performed using the Ridom StaphType 2.2.1 software and the Ridom SpaServer (<http://spa.ridom.de/index.shtml>) ([@c14]). In previous work, we have assigned *spa* types to putative CC398 or CC9 using studies that report both *spa* types and multi-locus sequence types (MLST) for livestock-associated *S. aureus* isolates ([@c21]; [@c29]; [@c39]). However, a recent study of hogs and hog veterinarians in the United States reported that some *spa* types typically associated with CC9 (i.e., t337 and t3446) clustered with CC398 when MLST was performed ([@c49]). Thus, we assigned *S. aureus spa* types as "putative CC398 or CC9" in this study, rather than to each CC uniquely.

### Assessment of antibiotic susceptibility. {#s2.1.3}

One isolate from each *S. aureus*-positive nasal swab was assessed for susceptibility to 14 classes of antibiotics (see Table S1 for a listing of antibiotics used), using the Phoenix Automated Microbiology System (BD Diagnostic Systems). Breakpoints were based on Clinical Laboratory Standards Institute (CLSI) guidelines ([@c9]). *S. aureus* isolates resistant to three or more classes of antibiotics were classified as multidrug-resistant *S. aureus* (MDRSA).

###### 

Characteristics of 101 industrial hog operation (IHO) workers and 79 household members participating in a 4-month cohort study of *Staphylococcus aureus* nasal carriage in North Carolina, 2013--2014.

Table 1 lists characteristics in the first column; the corresponding values for IHO workers, adult household members, and minor household members are listed in the other columns.

  Characteristic                                       IHO workers   Adult household members   Minor household members
  --------------------------------------------------- ------------- ------------------------- -------------------------
  Total N                                                  101                 26                        53
  Age (y; $\text{mean} \pm \text{SD}$)                 $39 \pm 11$         $38 \pm 15$               $11 \pm 3$
  Female                                                 45 (45)             19 (73)                   28 (53)
  Race/ethnicity                                                                                           
   Hispanic                                              89 (88)             23 (88)                   49 (92)
   African American                                      12 (12)              2 (8)                     3 (6)
   White                                                  0 (0)               1 (4)                     1 (2)
  Education                                                                                                
   K--5th grade                                            ---                 ---                     28 (53)
   6--8th grade                                            ---                 ---                     16 (30)
   9--11th grade                                           ---                 ---                     7 (13)
   $< \text{High}\,\text{school}$                        48 (48)             7 (27)                      ---
   $\geq \text{High}\,\text{school}$                     53 (52)             19 (73)                     ---
  Household size                                                                                           
   Single person                                          4 (4)                ---                       ---
   2 persons                                              8 (8)              4 (15)                     1 (2)
   $\geq 3$ persons                                      82 (81)             21 (81)                   50 (94)
   Missing                                                  7                   1                         2
  Household type[^*b*^](#t1n2){ref-type="table-fn"}                                                        
   Worker(s) only                                        36 (36)               ---                       ---
   One worker and household member(s)                    37 (37)             25 (96)                   35 (66)
   Two workers and household member(s)                   28 (28)              1 (4)                    18 (34)
  Used antibiotics prior to enrollment                                                                     
   $\leq 3\,\text{months}$                                7 (7)              3 (12)                     2 (4)
   $> 3\,\text{months}$                                  90 (89)             23 (88)                   50 (94)
   Missing                                                  4                   0                         1
  Hospitalized prior to enrollment                                                                         
   $\leq 3\,\text{months}$                                2 (2)               2 (8)                     1 (2)
   $> 3\,\text{months}$                                  98 (97)             23 (88)                   52 (98)
   Missing                                                  1                   1                         0

Note: Characteristics from participants who completed at least 1/8 biweekly study visits are reported. ---, no data available; IHO, industrial hog operation; SD, standard deviation. Modified from Nadimpalli et al. ([@c35]).

Totals for each characteristic may not sum to the total number of participants due to missing information.

Based on the types of participants who were enrolled. Additional IHO workers or household members who did not participate in the study may have been living in a participant's household.

### Indicators of livestock association. {#s2.1.4}

No consensus marker exists for identification of livestock-associated versus human-associated *S. aureus*. We examined three common indicators of livestock association among *S. aureus* isolates: absence of *scn*, tetracycline resistance, and *spa* type. For the purpose of this study, *spa* types t034, t571, t5883, t12116, t2582, t4652, t011, t14151, t14157, t14158, t1446, t3423, t337, t1430, t3446, t8890, t14156, t1419, and t3270 were considered livestock-associated ([@c34], [@c35]).

Statistical Analysis {#s2.2}
--------------------

We examined two timescales of self-reported IHO work activities---*a*) transient, that is, time-varying exposures that could change at biweekly intervals, and *b*) habitual, that is, time-averaged across all biweekly visits---and their respective relation with biweekly changes in the presence or absence of participants' *S. aureus* nasal carriage outcomes. For analyses involving transient IHO work activities, we used conditional fixed-effects logistic regression models to examine how changes in IHO workers' exposures the week prior to nasal swabbing (e.g., hours worked, number of hogs contacted) were related to biweekly changes in the presence vs. absence of nasal carriage of *S. aureus*, MDRSA, and livestock-associated classifications ([@c1]). We considered all exposures listed in Table S2. Additionally, we examined whether time-varying changes in reported dust levels, barn temperature, and malodor were potential confounders of associations between changes in IHO workers' PPE use the week prior to nasal swabbing and biweekly changes in their *S. aureus* nasal carriage outcomes (see Table S3). We did not examine whether changes in dust, barn temperature, and malodor were confounders of associations between IHO workers' compulsory work activities (e.g., number of hogs contacted, giving pigs shots) and biweekly *S. aureus* nasal carriage outcomes because, based on prior knowledge, changes in barn conditions would have been unlikely to impact changes in compulsory work activities. Adjusted models were consistent with crude models \[same direction and generally, same magnitude (see Table S3)\], and thus only crude fixed-effects model results are presented.

###### 

Associations between 101 industrial hog operation (IHO) workers' time-varying (transient) occupational activities the week prior to biweekly nasal swabbing time points and changes in nasal carriage of multidrug-resistant and livestock-associated *Staphylococcus aureus* outcomes over 4 months, North Carolina, USA, 2013--2014.

Table 2 lists IHO workers' nasal carriage outcomes at 801 biweekly study visits.

  Characteristic                                                                              Overall $N = 801$     IHO workers' nasal carriage outcomes at 801 biweekly study visits[^*a*^](#t2n1){ref-type="table-fn"}                                                                                                                               
  ----------------------------------------------------------------------------------------- ---------------------- ------------------------------------------------------------------------------------------------------ ------------------- --------------------- ------------------- -------------------- ------------------- --------------------- -------------------
  No. of pigs in contact with[^*b*^](#t2n2){ref-type="table-fn"}                             $27,627 \pm 143,098$                                           $33,871 \pm 105,499$                                          0.88 (0.59, 1.31)    $26,210 \pm 91,918$  0.91 (0.63, 1.30)    $24,840 \pm 58763$  0.67 (0.44, 1.02)    $29,701 \pm 98,101$  0.85 (0.59, 1.23)
  No. of sows/farrow/wean/nursery pigs in contact with[^*b*^](#t2n2){ref-type="table-fn"}     $8,546 \pm 65,986$                                            $12,992 \pm 85,059$                                           1.00 (0.80, 1.25)    $10,569 \pm 74,446$  1.04 (0.84, 1.29)    $5,941 \pm 20,333$  0.90 (0.69, 1.18)    $11,478 \pm 79,736$  0.97 (0.78, 1.21)
  Contact with feeder/finish pigs                                                                  208 (26)                                                       45 (28)                                                 0.44 (0.14, 1.37)          47 (23)        0.39 (0.12, 1.25)         39 (28)        0.29 (0.08, 1.03)          46 (26)        0.62 (0.20, 1.96)
  Handled sick pigs                                                                                410 (51)                                                       87 (55)                                                 0.68 (0.30, 1.53)         116 (57)        0.72 (0.36, 1.45)         73 (52)        0.61 (0.27, 1.40)          99 (57)        0.73 (0.36, 1.50)
  Handled dead pigs                                                                                509 (64)                                                       108 (68)                                                1.01 (0.43, 2.43)         147 (73)        0.80 (0.38, 1.72)         97 (69)        0.86 (0.35, 2.12)         127 (73)        1.02 (0.46, 2.28)
  Pressure washed barns                                                                            275 (34)                                                       62 (39)                                                 1.25 (0.52, 2.97)          67 (33)        0.41 (0.19, 0.88)         44 (31)        0.94 (0.40, 2.24)          55 (31)        0.38 (0.18, 0.84)
  Used pesticides                                                                                  200 (25)                                                       48 (30)                                                 1.06 (0.50, 2.23)          53 (26)        0.62 (0.33, 1.15)         35 (25)        0.47 (0.22, 1.02)          48 (27)        0.64 (0.33, 1.25)
  Gave pigs shots                                                                                  337 (42)                                                       73 (46)                                                 0.64 (0.28, 1.46)          99 (49)        0.66 (0.34, 1.29)         65 (46)        0.79 (0.36, 1.73)          84 (48)        0.82 (0.40, 1.66)
  Percentage of time used coveralls[^*c*^](#t2n3){ref-type="table-fn"}                           $82 \pm 37$                                                    $75 \pm 41$                                               1.06 (0.77, 1.45)        $75 \pm 42$      1.04 (0.81, 1.33)       $77 \pm 39$      0.96 (0.73, 1.27)        $74 \pm 42$      0.95 (0.74, 1.22)
  Percentage of time used face mask[^*c*^](#t2n3){ref-type="table-fn"}                           $54 \pm 46$                                                    $32 \pm 41$                                               0.65 (0.46, 0.92)        $40 \pm 44$      0.89 (0.71, 1.11)       $33 \pm 41$      0.74 (0.56, 0.97)        $37 \pm 44$      0.77 (0.60, 0.99)
  Percentage of time used gloves[^*c*^](#t2n3){ref-type="table-fn"}                              $96 \pm 18$                                                    $95 \pm 19$                                               1.20 (0.74, 1.95)        $96 \pm 17$      1.33 (0.80, 2.22)       $97 \pm 15$      1.74 (0.86, 3.50)        $96 \pm 18$      1.36 (0.86, 2.15)
  Percentage of time used boots[^*c*^](#t2n3){ref-type="table-fn"}                                $99 \pm 9$                                                    $100 \pm 0$                                               ---                      $100 \pm 0$      ---                     $100 \pm 0$      ---                      $100 \pm 0$      ---
  Percentage of time used goggles/glasses[^*c*^](#t2n3){ref-type="table-fn"}                     $31 \pm 43$                                                    $17 \pm 31$                                               0.99 (0.69, 1.43)        $16 \pm 31$      1.10 (0.86, 1.41)       $15 \pm 29$      0.82 (0.58, 1.17)        $15 \pm 30$      0.97 (0.74, 1.27)
  Average no. of hours worked per week at IHO[^*d*^](#t2n4){ref-type="table-fn"}                 $43 \pm 11$                                                    $45 \pm 11$                                               1.02 (0.71, 1.47)        $45 \pm 10$      1.13 (0.78, 1.64)       $44 \pm 10$      0.89 (0.59, 1.35)        $45 \pm 10$      1.12 (0.78, 1.62)

Note: Effect measures were generated using conditional fixed-effects logistic regression models. Fixed-effects models examine associations between within-person changes in an exposure and within-person changes in an outcome over time. ---, no data available; CI, confidence interval; IHO, industrial hog operation; MDRSA, multidrug-resistant *S. Aureus*; OR, odds ratio; SD, standard deviation.

For binary exposures, the number of study visits for which the exposure was reported is provided as a percentage of all biweekly study visits, and as a percentage of the biweekly visits at which workers had specific nasal carriage outcomes (e.g., MDRSA). For continuous exposures, the mean and SD of the reported exposure is provided across all biweekly study visits and for biweekly visits at which participants had specific nasal carriage outcomes (e.g., MDRSA).

Exposure was log-transformed for analysis.

Examined in increments of 25%.

Examined in increments of 10 h.

###### 

Associations between 101 industrial hog operation (IHO) workers' habitual occupational activities over 4 months and biweekly nasal carriage of multidrug-resistant and livestock-associated *Staphylococcus aureus* outcomes, North Carolina, 2013--2014.

Table 3 lists IHO workers' nasal carriage outcomes at 801 biweekly study visits.

  Characteristic                                                                                     No. of biweekly study visits completed by IHO workers with exposure[^*a*^](#t3n1){ref-type="table-fn"}   IHO workers' nasal carriage outcomes at 801 biweekly study visits                                                                                                  
  -------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------- ------------------- ---------- -------------------- ---------- -------------------- ---------- --------------------
  Average no. of pigs in contact with[^*b*^](#t3n2){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                   
   $< 4,000$                                                                                         418                                                                                                      67 (16)                                                                  Reference      96 (23)         Reference       66 (16)         Reference       87 (21)         Reference
   $\geq 4,000$                                                                                      383                                                                                                      92 (24)                                                              1.45 (0.62, 3.38)  106 (28)    1.14 (0.57, 2.26)   74 (19)     1.10 (0.48, 2.53)   87 (23)     0.91 (0.43, 1.91)
  Average no. of sows/farrow/ wean/nursery pigs in contact with[^*b*^](#t3n2){ref-type="table-fn"}                                                                                                                                                                                                                                                                                         
   $< 2,000$                                                                                         427                                                                                                      59 (14)                                                                  Reference      90 (21)         Reference       61 (14)         Reference       81 (19)         Reference
   $\geq 2,000$                                                                                      374                                                                                                      100 (27)                                                             2.09 (0.90, 4.86)  112 (30)    1.43 (0.71, 2.86)   79 (21)     1.44 (0.62, 3.33)   93 (25)     1.18 (0.56, 2.47)
  Contact with feeder/finish pigs                                                                                                                                                                                                                                                                                                                                                          
   Never                                                                                             431                                                                                                      69 (16)                                                                  Reference      110 (26)        Reference       61 (14)         Reference       90 (21)         Reference
   Ever                                                                                              370                                                                                                      90 (24)                                                              1.51 (0.70, 3.27)  92 (25)     0.87 (0.45, 1.69)   79 (21)     1.54 (0.69, 3.44)   84 (23)     0.96 (0.48, 1.94)
  Handled sick pigs                                                                                                                                                                                                                                                                                                                                                                        
   Sometimes or never                                                                                681                                                                                                      142 (21)                                                                 Reference      171 (25)        Reference       123 (18)        Reference       152 (22)        Reference
   Consistently                                                                                      120                                                                                                      17 (14)                                                              0.63 (0.17, 2.38)  31 (26)     1.08 (0.44, 2.62)   17 (14)     0.75 (0.26, 2.23)   22 (18)     0.82 (0.29, 2.32)
  Handled dead pigs                                                                                                                                                                                                                                                                                                                                                                        
   Sometimes or never                                                                                505                                                                                                      106 (21)                                                                 Reference      126 (25)        Reference       97 (19)         Reference       119 (24)        Reference
   Consistently                                                                                      294                                                                                                      53 (18)                                                              0.80 (0.35, 1.80)  76 (25)     1.02 (0.46, 2.24)   43 (15)     0.70 (0.30, 1.63)   55 (19)     0.72 (0.31, 1.69)
  Pressure washed barns                                                                                                                                                                                                                                                                                                                                                                    
   Never                                                                                             186                                                                                                      31 (17)                                                                  Reference      46 (25)         Reference       42 (23)         Reference       46 (25)         Reference
   Ever                                                                                              613                                                                                                      128 (21)                                                             1.23 (0.46, 3.26)  156 (25)    0.95 (0.42, 2.11)   98 (16)     0.59 (0.24, 1.43)   128 (21)    0.71 (0.30, 1.66)
  Used pesticides                                                                                                                                                                                                                                                                                                                                                                          
   Never                                                                                             186                                                                                                      22 (12)                                                                  Reference      32 (17)         Reference       29 (16)         Reference       24 (13)         Reference
   Ever                                                                                              611                                                                                                      137 (22)                                                             1.86 (0.57, 6.05)  170 (28)    1.60 (0.59, 4.32)   111 (18)    1.02 (0.37, 2.81)   150 (25)    1.83 (0.62, 5.35)
  Gave pigs shots                                                                                                                                                                                                                                                                                                                                                                          
   Never                                                                                             163                                                                                                      15 (9)                                                                   Reference      12 (7)          Reference       6 (4)           Reference       11 (7)          Reference
   Ever                                                                                              636                                                                                                      144 (23)                                                             2.70 (1.00, 7.27)  190 (30)    4.67 (1.77, 12.31)  134 (21)    6.63 (2.22, 19.78)  163 (26)    4.23 (1.65, 10.80)
  Frequency of coverall use                                                                                                                                                                                                                                                                                                                                                                
   Sometimes or never                                                                                222                                                                                                      63 (28)                                                                  Reference      77 (35)         Reference       50 (23)         Reference       62 (28)         Reference
   Consistently                                                                                      579                                                                                                      96 (17)                                                              0.53 (0.21, 1.29)  125 (22)    0.56 (0.28, 1.12)   90 (16)     0.68 (0.28, 1.66)   112 (19)    0.69 (0.32, 1.49)
  Frequency of face mask use                                                                                                                                                                                                                                                                                                                                                               
   Sometimes or never                                                                                472                                                                                                      130 (28)                                                                 Reference      148 (31)        Reference       113 (24)        Reference       129 (27)        Reference
   Consistently                                                                                      329                                                                                                      29 (9)                                                               0.31 (0.11, 0.83)  54 (16)     0.50 (0.23, 1.10)   27 (8)      0.32 (0.12, 0.88)   45 (14)     0.51 (0.21, 1.20)
  Frequency of glasses/ goggles use                                                                                                                                                                                                                                                                                                                                                        
   Sometimes or never                                                                                659                                                                                                      147 (22)                                                                 Reference      192 (29)        Reference       129 (20)        Reference       164 (25)        Reference
   Consistently                                                                                      140                                                                                                      12 (9)                                                               0.43 (0.10, 1.90)  10 (7)      0.25 (0.05, 1.12)   11 (8)      0.45 (0.09, 2.22)   10 (7)      0.32 (0.07, 1.42)
  Average no. of hours worked per week at IHO[^*b*^](#t3n2){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                           
   $< 40$                                                                                            199                                                                                                      28 (14)                                                                  Reference      38 (19)         Reference       27 (14)         Reference       31 (16)         Reference
   $\geq 40$                                                                                         602                                                                                                      131 (22)                                                             1.24 (0.46, 3.29)  164 (27)    1.27 (0.48, 3.39)   113 (19)    1.14 (0.43, 3.06)   143 (24)    1.32 (0.49, 3.50)

Note: OR effect measures were estimated using logistic regression models with a generalized estimating equation and an exchangeable correlation matrix to account for the non-independence of observations within the same household. ORs were adjusted for the age and sex of IHO workers. CI, confidence interval; IHO, industrial hog operation; MDRSA, multidrug-resistant *S. Aureus*; OR, odds ratio.

IHO workers living in the household reported their occupational activities during the week prior at up to eight biweekly study visits. For dichotomous exposures expressed as "Sometimes or never" or "Consistently" (e.g., handled dead pigs), "Sometimes or never" refers to activities that an IHO worker reported at $\geq 0$ but $< 80\%$ of completed biweekly visits, and "Consistently" refers to activities reported at $\geq 80\%$ of completed biweekly visits. For continuous exposures expressed as "Sometimes or never" or "Consistently" (e.g., percent time used face mask), "Sometimes or never" refers to activities a worker reported doing $\geq 0$ but $< 80\%$ of the time, on average, across all completed biweekly visits, and "Consistently" refers to activities a worker reported doing $\geq 80\%$ of the time, on average, across all completed biweekly visits.

Cutoff is the median value of the average numbers reported by workers over the 4-month period, rounded to one significant digit.

For analyses involving habitual IHO work activities, we first calculated the within-worker average of a self-reported IHO work activity across all of a worker's biweekly study visits during the 4 months of follow-up (see work activities listed in Table S2). We then categorized IHO workers into two habitual exposure groups for each work activity. For infrequent dichotomous work activities (e.g., pressure washed barns), IHO workers were categorized as "Ever" versus "Never" exposed over the 4-month period. For common dichotomous work activities (e.g., handled dead pigs) IHO workers were categorized as "Sometimes or never" (i.e., reported at $\geq 0$ but $< 80\%$ of completed biweekly visits) versus "Consistently" exposed (i.e., reported at $\geq 80\%$ of completed biweekly visits). For continuous work activities reported as numbers (e.g., total number of hogs in contact with), categorical cutoffs were based on the median value of within-worker averages, rounded to one significant digit. For continuous work activities reported as percentages (i.e., PPE use), IHO workers were categorized as "Sometimes or never" users (i.e., reported using $\text{PPE} < 80\%$ of the time, on average) versus "Consistent" users (i.e., reported using $\text{PPE} \geq 80\%$ of the time, on average). PPE that $\geq 90\%$ of workers consistently used over the 4-month period were not included in our subsequent analyses due to insufficient variability. Specifically, IHO workers' habitual use of gloves (92% of participants were consistent users) and boots (97% of participants were consistent users) were not considered.

We used logistic regression models with generalized estimating equations and an exchangeable correlation matrix (to account for the nonindependence of observations within households) to estimate associations between IHO workers' habitual occupational activities and biweekly changes in the presence or absence of nasal carriage of *S. aureus*-related outcomes. The same model format was used to estimate the relation of IHO workers' habitual work activities with household members' biweekly nasal carriage of *S. aureus*-related outcomes. For households with more than one IHO worker (51 households comprised both IHO workers and household participants; 14/51 included two IHO workers), we used the IHO worker in the household who had the most extreme habitual occupational exposure (e.g., lowest proportion of average face mask use, highest average number of hogs in contact with) to estimate associations with household members' nasal carriage outcomes.

IHO workers and household members rarely carried MRSA; one IHO worker persistently carried MRSA over 4 months (1%), but no household member did (see Table S4). Thus, this outcome was not examined in statistical models.

###### 

Associations between 101 industrial hog operation (IHO) workers' habitual occupational activities over 4 months and biweekly nasal carriage of multidrug-resistant and livestock-associated *Staphylococcus aureus* outcomes by IHO workers' 79 adult and minor household members, North Carolina, 2013--2014.

Table 4 lists 79 household members' nasal outcomes at 655 biweekly study visits.

  Characteristic                                                                                          79 household members' nasal carriage outcomes at 655 biweekly study visits                                                                                                                                 
  ------------------------------------------------------------------------------------------------- ----- ---------------------------------------------------------------------------- -------------------- --------- ------------------------------------- --------- ------------------------------------- -------- -------------------------------------
  Average no. of pigs in contact with[^*b*^](#t4n2){ref-type="table-fn"}                                                                                                                                                                                                                                                                
   $< 4,000$                                                                                        398   29 (7)                                                                            Reference       6 (2)                   Reference               6 (2)                   Reference               4 (1)                  Reference
   $\geq 4,000$                                                                                     257   34 (13)                                                                       2.16 (0.70, 6.70)   40 (16)            13.09 (4.03, 42.56)          28 (11)            7.92 (2.20, 28.52)           22 (9)             9.0 (1.62, 50.36)
  Average no. of sows/farrow/wean/nursery pigs in contact with[^*b*^](#t4n2){ref-type="table-fn"}                                                                                                                                                                                                                                       
   $< 2,000$                                                                                        312   18 (6)                                                                            Reference       13 (4)                  Reference               3 (1)                   Reference               2 (1)                  Reference
   $\geq 2,000$                                                                                     343   45 (13)                                                                       3.03 (0.90, 10.18)  33 (10)            2.50 (0.58, 10.70)           31 (9)             10.39 (2.12, 51.05)          24 (7)           11.75 (1.31, 105.71)
  Contact with feeder/finish pigs                                                                                                                                                                                                                                                                                                       
   Never                                                                                            481   31 (6)                                                                            Reference       27 (6)                  Reference               25 (5)                  Reference               18 (4)                 Reference
   Ever                                                                                             174   32 (18)                                                                       4.39 (1.37, 14.09)  19 (11)            2.80 (0.67, 11.74)           9 (5)               1.41 (0.26, 7.56)           8 (5)             1.79 (0.27, 11.87)
  Handled sick pigs                                                                                                                                                                                                                                                                                                                     
   Sometimes or never                                                                               508   59 (12)                                                                           Reference       45 (9)                  Reference               33 (7)                  Reference               24 (5)                 Reference
   Consistently                                                                                     147   4 (3)                                                                         0.19 (0.07, 0.52)   1 (1)               0.07 (0.01, 0.50)           1 (1)               0.10 (0.01, 0.75)           2 (1)              0.30 (0.06, 1.39)
  Handled dead pigs                                                                                                                                                                                                                                                                                                                     
   Sometimes or never                                                                               391   41 (10)                                                                           Reference       30 (8)                  Reference               18 (5)                  Reference               10 (3)                 Reference
   Consistently                                                                                     264   22 (8)                                                                        0.64 (0.18, 2.31)   16 (6)              0.69 (0.15, 3.25)           16 (6)              1.29 (0.30, 5.58)           16 (6)            2.52 (0.48, 13.08)
  Pressure washed barns                                                                                                                                                                                                                                                                                                                 
   Never                                                                                            142   31 (22)                                                                           Reference       14 (10)                 Reference               5 (4)                   Reference               3 (2)                  Reference
   Ever                                                                                             513   32 (6)                                                                        0.20 (0.06, 0.61)   32 (6)              0.50 (0.12, 2.11)           29 (6)              1.23 (0.37, 4.04)           23 (4)             1.57 (0.38, 6.52)
  Used pesticides                                                                                                                                                                                                                                                                                                                       
   Never                                                                                            123   22 (18)                                                                           Reference       21 (17)                 Reference               11 (9)                  Reference               8 (7)                  Reference
   Ever                                                                                             523   41 (8)                                                                        0.34 (0.10, 1.19)   25 (5)              0.16 (0.05, 0.56)           23 (4)              0.25 (0.06, 1.06)           18 (3)             0.25 (0.03, 1.73)
  Gave pigs shots                                                                                                                                                                                                                                                                                                                       
   Never                                                                                            79    10 (13)                                                                           Reference       6 (8)                   Reference               6 (8)                   Reference               6 (8)                  Reference
   Ever                                                                                             576   53 (9)                                                                        0.42 (0.07, 2.44)   40 (7)              0.54 (0.06, 5.28)           28 (5)              0.30 (0.03, 2.70)           20 (3)             0.19 (0.02, 1.70)
  Frequency of coveralls use                                                                                                                                                                                                                                                                                                            
   Sometimes or never                                                                               203   36 (18)                                                                           Reference       25 (12)                 Reference               23 (11)                 Reference               16 (8)                 Reference
   Consistently                                                                                     452   27 (6)                                                                        0.27 (0.09, 0.85)   21 (5)              0.38 (0.11, 1.23)           11 (2)              0.24 (0.06, 1.05)           10 (2)             0.34 (0.06, 1.92)
  Frequency of face mask use                                                                                                                                                                                                                                                                                                            
   Sometimes or never                                                                               365   43 (12)                                                                           Reference       42 (12)                 Reference               31 (8)                  Reference               23 (6)                 Reference
   Consistently                                                                                     290   20 (7)                                                                        0.67 (0.19, 2.44)   4 (1)               0.12 (0.04, 0.40)           3 (1)               0.14 (0.04, 0.53)           3 (1)              0.20 (0.05, 0.81)
  Frequency of glasses/goggles use                                                                                                                                                                                                                                                                                                      
   Sometimes or never                                                                               576   59 (10)                                                                           Reference       46 (8)                  Reference               34 (6)                  Reference               26 (6)                 Reference
   Consistently                                                                                     79    4 (5)                                                                         0.78 (0.10, 6.28)   0          [^*c*^](#t4n3){ref-type="table-fn"}  0          [^*c*^](#t4n3){ref-type="table-fn"}  0 (1)     [^*c*^](#t4n3){ref-type="table-fn"}
  Average no. of hours worked per week at IHO[^*b*^](#t4n2){ref-type="table-fn"}                                                                                                                                                                                                                                                        
   $< 40$                                                                                           130   16 (12)                                                                           Reference       2 (2)                   Reference               2 (2)                   Reference               0                      Reference
   $\geq 40$                                                                                        525   47 (9)                                                                        0.68 (0.17, 2.76)   44 (8)             5.48 (1.30, 23.03)           32 (6)             3.18 (0.75, 13.57)           26 (5)    [^*c*^](#t4n3){ref-type="table-fn"}

Note: OR effect measures were estimated using logistic regression models with a generalized estimating equation and an exchangeable correlation matrix to account for the non-independence of observations within the same household. ORs were adjusted for the age and sex of household members. CI, confidence interval; IHO, industrial hog operation; MDRSA, multidrug-resistant *S. Aureus*; OR, odds ratio.

IHO workers living in the household reported their occupational activities during the week prior at up to eight biweekly study visits. For dichotomous exposures expressed as "Sometimes or never" or "Consistently" (e.g., handled dead pigs), "Sometimes or never" refers to activities that an IHO worker reported at $\geq 0$ but $< 80\%$ of completed biweekly visits, and "Consistently" refers to activities reported at $\geq 80\%$ of completed biweekly visits. For continuous exposures expressed as "Sometimes or never" or "Consistently" (e.g., percent time used face mask), "Sometimes or never" refers to activities a worker reported doing $\geq 0$ but $< 80\%$ of the time, on average, across all completed biweekly visits, and "Consistently" refers to activities a worker reported doing $\geq 80\%$ of the time, on average, across all completed biweekly visits.

Cutoff is the median value of the average numbers reported by workers over the 4-month period, rounded to one significant digit.

OR could not be computed because at least one cell had a frequency of 0.

Analyses were performed using SAS (version 9.4; SAS Institute, Inc.) and Stata (version 11.2; STAT Corp.). We defined statistical significance as $p < 0.05$.

Results {#s3}
=======

Study Population {#s3.1}
----------------

One hundred eighty participants comprising 101 IHO workers (56%), 26 adult household members (14%), and 53 minors (30%) enrolled in the cohort between October 2013 and June 2014 and completed at least 1/8 biweekly visits. Participants' characteristics are described in [Table 1](#t1){ref-type="table"}. These 180 participants belonged to 80 unique households, 51/80 of which included both IHO workers and household members participating in the cohort study. IHO workers' personal and occupational exposures that varied during the 4-month study period (e.g., number of hogs in contact with, application of pesticides) are described in Table S2.

A total of 1,588 nasal swabs were collected from participants. We excluded from further analysis all swabs that were frozen prior to processing (129/1,588) because a freezer malfunction during the study caused a reduction in *S. aureus* recovery. We also excluded from further analysis nasal swabs collected from participants who did not complete at least one of the eight biweekly visits (3/1,588) because the purpose of this study was to examine persistence of nasal carriage rather than prevalence. In total, 1,456 nasal swabs from 101 IHO workers (801 swabs), 26 adult household members (215 swabs), and 53 minors (440 swabs) were included (see Figure S1). Study participants contributed 8 of 9 possible swabs on average ($\text{minimum} = 2$, $\text{maximum} = 9$).

Persistence of *S. aureus*-related Nasal Carriage Outcomes {#s3.2}
----------------------------------------------------------

IHO workers and household members differed in persistence of nasal carriage for most of the *S. aureus* outcomes we examined over the 4-month period (see Table S4). IHO workers were more likely to intermittently carry *scn*-negative *S. aureus* {prevalence ratio \[PR\] = 2.3 \[95% confidence interval (CI): 1.4, 3.8\]}, tetracycline-resistant *S. aureus* \[PR = 2.8 (95% CI: 1.5, 5.2)\], and *S. aureus* putatively associated with either CC398 or CC9 \[PR = 4.2 (95% CI: 1.9, 8.9)\] compared with their household contacts. IHO workers were somewhat more likely than their household members to persistently carry these same outcomes, but except for *scn*-negative *S. aureus* \[PR = 2.3 (95% CI: 1.0, 5.3)\], these differences were not statistically significant ($p > 0.05$ for each) (see Table S4). We did not detect PVL-encoding genes among *S. aureus* isolates.

All *S. aureus spa* types observed over the 4-month period are presented by participant type in Figure S2. Participants carried 14 unique *spa* types putatively associated with CC398 or CC9, most commonly t337 (83/1,456 biweekly study visits) and t034 (55/1,456 biweekly study visits). Six of 12 IHO workers who persistently carried putative *S. aureus* CC398 or CC9 over the 4-month period carried $> 1$ *spa* type; one IHO worker carried 4 (t1430, t571, t1937, and t337). However, all three household members who persistently carried putative *S. aureus* CC398 or CC9 carried the same *spa* type at each positive sampling point (t034).

In general, we detected significantly higher $\log_{10}$ *S. aureus* CFU counts in swabs from persistent nasal carriers of *S. aureus* and *S. aureus* putatively associated with CC398 or CC9 compared with swabs from intermittent carriers of these outcomes (see Figure S5). We did not observe marked differences in average $\log_{10}$ *S. aureus* CFU counts between IHO workers and household members who persistently carried either of these outcomes. However, only three household members were persistent carriers of *S. aureus* putatively associated with CC398 or CC9 and, therefore, relatively few nasal swabs ($n = 19$) contributed to these calculations (see Table S4).

Time-varying IHO work activities and *S. aureus* Nasal Carriage Outcomes {#s3.3}
------------------------------------------------------------------------

Among the time-varying occupational activities we examined, only IHO workers' face mask use and recent pressure washing of barns were associated with changes in *S. aureus* nasal carriage outcomes ([Table 2](#t2){ref-type="table"}). For every 25% increase in the amount of time an IHO worker reported wearing a face mask, IHO workers had lower odds of nasal carriage of MDRSA \[OR = 0.65 (95% CI: 0.46, 0.92)\], tetracycline-resistant *S. aureus* \[OR = 0.74 (95% CI: 0.56, 0.97)\], and *S. aureus* putatively associated with clonal complex (CC) 398 or CC9 \[OR = 0.77 (95% CI: 0.60, 0.99)\]. IHO workers who reported pressure washing barns the week prior to nasal swabbing were less likely to carry *scn*-negative *S. aureus* \[OR = 0.41 (95% CI: 0.19, 0.88)\] and *S. aureus* putatively associated with CC398 or CC9 \[OR = 0.38 (95% CI: 0.18, 0.84)\] in their noses, compared with study visits in which they did not report pressure washing barns. Neither recent face mask use \[OR = 0.93 (95% CI: 0.72, 1.21)\] nor pressure washing of barns \[OR = 1.33 (95% CI: 0.62, 2.88)\] was associated with IHO workers' nasal carriage of *scn*-positive (human-associated) *S. aureus* (see Table S5).

Because most IHO workers' nasal swabs (683/801) were collected less than 24 h after their last work shift, we were unable to evaluate whether time since last work shift was associated with time-varying changes in *S. aureus* nasal carriage outcomes.

Habitual IHO work activities and *S. aureus* Nasal Carriage Outcomes {#s3.4}
--------------------------------------------------------------------

IHO workers who reported consistently using a face mask over the 4-month period ($\geq 80\%$ of the time, on average, vs. $< 80\%$ of the time) were less likely to carry MDRSA \[OR = 0.31 (95% CI: 0.11, 0.83)\], *scn*-negative *S. aureus* \[OR = 0.50 (95% CI: 0.23, 1.10)\], tetracycline-resistant *S. aureus* \[OR = 0.32, 05% CI: 0.12, 0.88)\], and *S. aureus* putatively associated with CC398 or CC9 \[OR = 0.51 (95% CI: 0.21, 1.20)\] ([Table 3](#t3){ref-type="table"}; see also Figure S3). We also observed that IHO workers who reported ever giving pigs shots during the 4-month period (vs. never) were more likely to carry MDRSA \[OR = 2.70 (95% CI: 1.00, 7.27)\], *scn*-negative *S. aureus* \[OR = 4.67 (95% CI: 1.77, 12.31)\], tetracycline-resistant *S. aureus* \[OR = 6.63, 05% CI: 2.22, 19.78)\], and *S. aureus* putatively associated with CC398 or CC9 \[OR = 4.23 (95% CI: 1.65, 10.80)\]. Reported shots included a variety of subcutaneous, intramuscular, and deep tissue injections such as steroidal and nonsteroidal injections to reduce inflammation, vaccinations against mycoplasma and influenza, iron injections to prevent anemia in young piglets, and antibiotic injections to prevent and treat bacterial diseases, including penicillin, lincosamide, oxytetracycline, and several proprietary mixes. Other occupational activities did not appear to be consistently associated with IHO workers' *S. aureus*-related nasal carriage outcomes ([Table 3](#t3){ref-type="table"}).

The household members of IHO worker(s) who consistently used face masks over the 4-month period ($\geq 80\%$ of the time) were also less likely to carry *scn*-negative *S. aureus* \[OR = 0.12 (95% CI: 0.04, 0.40)\], tetracycline-resistant *S. aureus* \[OR = 0.14 (95% CI: 0.04, 0.53)\], and *S. aureus* putatively associated with CC398 or CC9 \[OR = 0.20 (95% CI:0.05, 0.81)\], compared with the household members of IHO worker(s) who sometimes or never ($< 80\%$ of the time) wore face masks during the 4-month study ([Table 4](#t4){ref-type="table"}; see also Figure S4). Additionally, household members who lived with IHO worker(s) who consistently wore coveralls over the 4-month period ($\geq 80\%$ of the time, on average) vs. $< 80\%$ of the time had lower prevalence of nasal carriage of MDRSA \[OR = 0.27 (95% CI: 0.09, 0.85)\]. The ORs were similar for *scn*-negative *S. aureus* and tetracycline-resistant *S. aureus* but were based on smaller numbers of observations and were less precise ([Table 4](#t4){ref-type="table"}). Neither IHO workers' consistent use of face masks \[OR = 1.57 (95% CI: 0.60, 4.10)\] nor consistent use of coveralls \[OR = 1.28 (95% CI: 0.48, 3.39)\] was associated with household members' prevalence of nasal carriage of *scn*-positive (human-associated) *S. aureus* (see Table S6).

IHO workers' habitual work activities that involved direct contact with hogs were also associated with their household members' nasal carriage outcomes ([Table 4](#t4){ref-type="table"}). Household members were more likely to carry *scn*-negative *S. aureus* \[OR = 13.09 (95% CI: 4.03, 42.56)\], tetracycline-resistant *S. aureus* \[OR = 7.92 (95% CI: 2.20, 28.52)\], and *S. aureus* putatively associated with CC398 or CC9 \[OR = 9.0 (95% CI: 1.62, 50.36)\] if IHO workers(s) living in their household had contact with $\geq 4,000$ hogs, on average, over the 4-month study period (vs. $< 4,000$ hogs). These associations were similar in direction and magnitude when examined within specific hog age groups (i.e., sows/farrow/wean/nursery vs. feeder/finish). However, the ORs were less precise due to smaller numbers. In households where IHO worker(s) consistently handled sick hogs over the 4-month period (reported handling sick hogs at $\geq 80\%$ of biweekly study visits, vs. $< 80\%$), their household members were less likely to carry MDRSA \[OR = 0.19 (95% CI: 0.07, 0.52)\], *scn*-negative *S. aureus* \[OR = 0.07 (95% CI: 0.01, 0.50)\], and tetracycline-resistant *S. aureus* \[OR = 0.10 (95% CI: 0.01, 0.75)\]. However, for 10 of the 11 households in which this activity was consistently reported, IHO worker(s) living in the household also consistently wore a face mask ($\geq 80\%$ of the time, on average). Thus, these protective associations may be a consequence of IHO workers' consistent face mask use during this work activity.

Within-household concordance of *S. aureus spa* Types {#s3.5}
-----------------------------------------------------

Among 51 households comprising both IHO workers and household contacts, we completed 358 household visits at which both IHO workers and household members contributed nasal swabs. We detected the same *S. aureus spa* type among IHO workers and their household contacts in 21/51 households during 11% of these study visits (40/358) (see Table S7). The *spa* types t645 and t233, neither of which have previously been associated with livestock reservoirs, were the most frequently concordant *spa* types. Concordant *S. aureus spa* types carried by IHO workers and their household contacts shared at least one indicator of livestock association (absence of *scn*, tetracycline resistance, or *spa* type putatively associated with CC398 or CC9) during 4 of 358 study visits among 4 of 51 households.

Discussion {#s4}
==========

In this longitudinal cohort study of IHO workers and their household contacts, we observed that increased face mask use among IHO workers was associated with a lower likelihood of nasal carriage of *scn*-negative *S. aureus*, tetracycline-resistant *S. aureus*, and *S. aureus* putatively associated with CC398 or CC9. In addition, the household members of IHO workers who consistently wore face masks ($\geq 80\%$ of the time) had $\sim 80–90\%$ reduced odds of nasal carriage of these same outcomes. Conversely, IHO workers' face mask use was associated with neither their own nasal carriage nor their household members' nasal carriage of *scn*-positive (human-associated) *S. aureus*. Because exposure to livestock-associated *S. aureus* has been associated with infection among hog production workers and their household contacts ([@c35]; [@c44]; [@c47]; [@c59]), as well as among elderly and immunocompromised persons who lack animal contact but live in rural, hog-farm intensive communities ([@c25]), it is critical to advance understanding of factors that might mitigate off-farm exposure to these stains.

By federal regulation, farm operators are required to provide respirators to workers exposed to harmful dusts, gases, smoke, or sprays; to provide instructions on their correct use; and to repair or replace respirators that are no longer protective ([@c38]). However, employers' compliance with policy may vary depending on the size and type of facility at which an IHO worker is employed (corporate, contract grower, or private) because small farms (i.e., $\leq 10$ hired workers) are exempt from routine federal health and safety inspections ([@c37]). Among 7,022 farms in North Carolina that reported employing nonseasonal labor in 2012, more than 90% (6,418/7,022) reported $< 10$ hired workers ([@c36]). Even if employees do provide respirators or other face protection, IHO workers have reported difficulties and discomfort while using them on the job (REACH, personal communication by Devon Hall). IHO workers have reported that face masks can be particularly uncomfortable to wear when barns are hot and humid (REACH, personal communication by Devon Hall); the summer temperatures in eastern North Carolina, where this study was conducted and where hog production in the United States is particularly concentrated, often exceed 32°C (90°F) with relative humidity $> 90\%$ ([@c36]; [@c48]). Educational barriers may also exist concerning the potential protective benefits of routine face mask use. Air is an important exposure pathway for acquisition of livestock-associated *S. aureus* nasal carriage inside IHOs ([@c2]; [@c6]; [@c12]; [@c15]; [@c41]), and other studies have found that workers' airborne exposures can be significantly reduced through a combination of advanced hygienic measures, such as use of wet feed, negative ventilation, and using a mostly concrete floor ([@c3]). PPE-based intervention trials have not been conducted in the United States to test efficacy of reductions in IHO workers' exposure to livestock-associated *S. aureus*.

Although we found evidence supporting within-household exchange of livestock-associated *S. aureus* (with face mask use mitigating exchange), we infrequently observed concordant *spa* types between IHO workers and household contacts during the same study visit. This may suggest that sharing of livestock-associated *S. aureus* is indirect and time-staggered, occurring via surfaces that can become contaminated through touching or contact with IHO workers' PPE ([@c15]; [@c22]), for example, although we did not investigate these exposure pathways here. Overall, these findings suggest that livestock-associated *S. aureus* might be shared between IHO workers and their household environment---similar to other well-studied take-home occupational exposures such as agricultural pesticides ([@c11]).

Other time-varying work activities including recent pressure washing of barns appeared to decrease IHO workers' nasal carriage of *scn*-negative *S. aureus* and *S. aureus* putatively associated with CC398 or CC9. These findings were unexpected, considering increased aerosolization of dust particles during pressure washing should theoretically increase airborne exposure to livestock-associated *S. aureus*. At the time of this study (during 2013--2014), IHOs in eastern North Carolina were suffering from a pervasive porcine epidemic diarrhea virus epidemic ([@c42]). In our study, IHO workers reported pressure washing in order to "deep clean" confinement buildings after diseased and dead hogs had been removed. Thus, we hypothesize that reduced prevalence of IHO workers' nasal carriage of livestock-associated *S. aureus* was a result of reduced cumulative exposure to live animal waste and dust in the IHO environment, rather than the physical act of pressure washing barns. In models where we examined IHO workers' habitual work activities, we did not observe statistically significant associations between IHO workers' reports of ever pressure washing barns and prevalence of nasal carriage of livestock-associated *S. aureus*.

We did not identify transient IHO worker tasks involving direct animal contact that were associated with biweekly changes in IHO workers' nasal carriage of livestock-associated *S. aureus*. However, when we examined IHO workers' habitual work activities, we observed that ever versus never giving hogs shots (i.e., injections) was associated with IHO workers' increased odds of nasal carriage of MDRSA, *scn*-negative *S. aureus*, tetracycline-resistant *S. aureus*, and *S. aureus* putatively associated with CC398 or CC9. Giving hogs injections can be a high-contact activity that can require physical restraint of the animal and, particularly in the case of injections given behind the ear, such close contact may lead to workers' exposure to bioaerosols that a hog may produce through barking, breathing, or coughing. We also observed that IHO workers' habitual contact with $\geq 4,000$ hogs (vs. $< 4,000$ hogs) was associated with a higher prevalence of nasal carriage of *scn*-negative *S. aureus*, tetracycline-resistant *S. aureus*, and *S. aureus* putatively associated with CC398 or CC9 among their household contacts. The household members of IHO workers who consistently wore coveralls ($> 80\%$ of the time) were also less likely to carry MDRSA, although a null association was observed for livestock-associated *S. aureus* outcomes. Although adjusted for age and sex, these models of habitual work activities were not adjusted for other potential time-invariant characteristics (e.g., underlying health conditions) due to the small sample size. Thus, these findings should be interpreted with caution and explored in future studies.

This study may have had a lower potential for recall bias compared with other U.S.-based longitudinal studies of livestock-associated *S. aureus* nasal carriage. Studies that rely on participants' recall of prior activities to classify exposure status may be subject to recall bias. However, IHO workers in this study were unaware of their nasal carriage status when reporting recent work activities. Thus, any exposure misclassification that may have occurred due to recall bias would be non-differential with respect to the outcome. Additionally, our focus on a short time frame (i.e., the week preceding each biweekly study visit) for recall of exposures may have resulted in less recall bias compared with the month-long recall period used in two previous U.S.-based studies on this topic ([@c50]; [@c58]). Given prior literature describing the transiency of livestock-associated *S. aureus* nasal carriage ([@c19]; [@c24]), this study's shorter time frame for recall of exposures may have been more biologically relevant for examining associations with nasal carriage status.

We achieved a relatively high level of participant retention and data completeness in this study, likely due to our community-based participatory research (CBPR) approach. The research questions we examined and the study design we employed were developed through coordinated efforts with REACH. This approach afforded a level of trust with study participants who may not have otherwise become engaged or been willing to participate in a research study, particularly one involving repeated data collection. In order to provide an additional level of protection of the privacy and confidentiality of study participants, we also obtained a certificate of confidentiality from the National Institutes of Health.

Overall, the distribution of persistent, intermittent, and noncarriers of *S. aureus* in this study population does not differ substantially from healthy populations in the United States ([@c32]). Thirteen percent of workers in this study persistently carried *scn*-negative *S. aureus*, 9% persistently carried tetracycline-resistant *S. aureus*, and 12% persistently carried *S. aureus* putatively associated with CC398 or CC9 over the 4-month period. Persistent nasal carriage of livestock-associated *S. aureus* was lower in this study compared with previous reports among IHO workers and hog veterinarians in the United States ([@c34]; [@c50]) and Europe ([@c24]; [@c53], [@c52]). A previous study we conducted in the same region found 46% of 22 IHO workers to persistently carry *S. aureus* with at least one indicator of livestock association over a 2-week period, including up to 96 h away from work ([@c34]). The distribution of persistent nasal carriers (vs. intermittent and noncarriers) may be more accurate in this study than our previous study ([@c34]) because we assessed *S. aureus* nasal carriage over a longer follow-up period; others have shown that individuals classified as persistent carriers during a short follow-up period (e.g., 2 weeks) are likely to be classified as intermittent carriers if followed for a longer period of time (e.g., 4 months) ([@c54]). As in the general population, and as we have observed in previous studies ([@c34]; [@c40]), nasal colonization was dominated by methicillin-susceptible *S. aureus*, rather than MRSA.

Participants in this study lived in a region characterized by the highest density of industrial hog production in the United States and rapidly growing poultry production ([@c36]; [@c60]). By venting animal barns and spraying animal waste on proximal fields, industrial food animal production facilities regularly emit *S. aureus* and other bioaerosols that could contaminate neighboring households ([@c12]; [@c17]; [@c20]; [@c41]). Thus, environmentally disseminated *S. aureus* could have contributed to IHO workers' and their household members' nasal carriage outcomes over the course of the 4-month study period. However, any impact of this environmental exposure pathway would have been non-differential with regard to the IHO work activities that we examined. For example, the proximity of an IHO worker's home to IHOs or other food animal production facilities should not be associated with his or her consistency of face mask use at work. Thus, proximity and density of industrial food animal production facilities are unlikely to be confounders of the results presented here. Nevertheless, future studies could examine whether living in proximity to IHO and spray fields is associated with livestock-associated *S. aureus* nasal carriage and infection, particularly among community residents who do not have direct contact with livestock.

We did not ask IHO workers if they had previously worked at other types of industrial livestock operations (e.g., industrial poultry operations). Prior employment at industrial livestock operations might impact IHO workers' current work activities (e.g., as a result of injury, sensitization to allergens, or fear or reluctance to engage in certain high-contact activities). However, given that previous studies indicate that livestock-associated *S. aureus* present in IHO workers' noses is a result of frequent and ongoing contact with industrially raised animals ([@c19]; [@c24]), we do not believe that prior work exposures were likely to influence IHO workers' *S. aureus* nasal carriage outcomes during our follow-up period.

Because most swabs were collected from IHO workers within 24 h of their last work shift (683/801), we were not able to investigate whether exposure to the IHO environment resulted in prolonged nasal colonization versus repeated transient contamination with MDRSA or livestock-associated *S. aureus* among IHO workers. Similarly, although we observed persistent colonization with MDRSA and livestock-associated *S. aureus* among some household contacts, this study was not designed to investigate whether adult and minor household members continued to carry these bacteria even when IHO worker(s) with whom they lived spent time away from work or after household contacts had time away from the home environment (which may potentially be contaminated with these bacteria). Surprisingly, household members who were persistent carriers of *S. aureus* putatively associated with CC398 or CC9 appeared to have similar numbers of *S. aureus* CFU in their noses, on average, as workers who persistently carried these outcomes. These findings were unexpected given that household members in this study had no direct contact with the IHO environment, the likely source of livestock-associated *S. aureus* ([@c12]). However, these findings were based on a small number of nasal swabs ($n = 326$ because relatively few household members (10/79) ever carried *S. aureus* putatively associated with CC398 or CC9. Development of immunological biomarkers that could indicate persistent *S. aureus* colonization may be helpful in distinguishing between *S. aureus* colonization versus contamination in this population ([@c57]).

We did not collect on-site samples from hogs raised in IHOs or from the confinement barns in which IHO workers were employed. These samples would have increased our certainty that *S. aureus* with indicators of livestock association that were present in participants' noses were originating from the IHO environment. However, other hog sampling studies in the United States have documented a high prevalence of *S. aureus* with indicators of livestock association among hogs and described directional transmission to individuals in frequent contact with hogs ([@c45]; [@c50]). Further, a recent animal sampling study in eastern North Carolina indicates that hogs raised on IHOs are a source of *scn*-negative *S. aureus* and *S. aureus* putatively associated with CC398 or CC9 in this region ([@c12]). Future community-based studies could consider the use of spatial data collection (e.g., GPS logging) and personal sampling devices ([@c12]) to delineate IHO workers' exposures to *S. aureus* or other microbial hazards that are associated with time spent at work versus in the community.

Another limitation of this work is that only one *S. aureus* isolate was characterized per nasal swab. Analysis of only one *S. aureus* isolate may be insufficient to characterize the distribution of carriage of acquired genetic markers, such as virulence (e.g., *scn*) and resistance genes (e.g., multiple genes encoding tetracycline resistance) ([@c27]). Thus, prevalence of nasal carriage of these strain characteristics may be underestimated. For the same reason, we may have missed instances of strain concordance between IHO workers and their household contacts. Additionally, we did not ask IHO workers to report what type of face mask they used (e.g., cloth, surgical, N95 respirator). Future studies should investigate the heterogeneity of face mask use among IHO workers and whether this might impact *S. aureus* nasal carriage. Finally, as with previous studies we have conducted in this region of the United States ([@c34]; [@c40]), IHO workers and household members were recruited via snowball sampling, rather than via random sampling from an enumerated population (e.g., employee records). Thus, we are unable to generalize our findings to IHO workers or their household members in eastern North Carolina or the United States. Rather, these findings describe specific exposure--outcome associations among only those IHO workers and household members who were enrolled.

Conclusions {#s5}
===========

Findings from this longitudinal study suggest that consistent face mask use may reduce nasal carriage of livestock-associated, antibiotic-resistant *S. aureus* in IHO workers' and their household members. Our findings add to a growing body of evidence that livestock-associated, antibiotic-resistant *S. aureus* may be directly or indirectly shared between IHO workers and their household contacts in the United States ([@c22]; [@c59]). Further, given emerging evidence that nasal colonization with livestock-associated *S. aureus* is a risk factor for developing skin and soft tissue infection ([@c35]; [@c59]), our finding that consistent PPE use (particularly face masks and coveralls) may limit occupational exposure suggests a need for future trials to test their preventative efficacy. Additional work is needed to evaluate and address potential impediments to PPE access and use among IHO workers in the United States.

Supplementary Material
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

This study would not have been possible without a strong partnership between researchers and community-based organization members who have the trust of members of communities in areas where the density of industrial hog production is high. The authors thank the workers and their household members who participated in this study. The authors also acknowledge T. Le, S. Jiang, and C. Ifkovits (UNC Chapel Hill) and N. Kwiatkowsi and T. Howard (Johns Hopkins Hospital Medical Microbiology Laboratory) for assistance with microbiology procedures and sample analysis. The authors dedicate this manuscript to the memory of Steve Wing, whose mentorship, guidance, and support of C.D.H. and other authors helped conceive the design and analytical framework for this cohort study.

Funding for this study was provided by National Institute for Occupational Safety and Health (NIOSH) grant K01OH010193; Johns Hopkins NIOSH Education and Research Center grant T42OH008428; a directed research award from the Johns Hopkins Center for a Livable Future; award 018HEA2013 from the Sherrilyn and Ken Fisher Center for Environmental Infectious Diseases Discovery Program at the Johns Hopkins University, School of Medicine, Department of Medicine, Division of Infectious Diseases; and National Science Foundation (NSF) grant 1316318 as part of the joint NSF--National Institutes of Health (NIH)--U.S. Department of Agriculture Ecology and Evolution of Infectious Diseases program. N.P. was supported by NIH/National Institute of Environmental Health Sciences (NIEHS) grant 5T32ES007141-30. M.N. was supported by a Royster Society fellowship and a U.S. Environmental Protection Agency Science to Achieve Results fellowship. D.C.L. was supported by a gift from the GRACE Communications Foundation. J.L. was supported by the NIH/National Institute of Allergy and Infectious Diseases (NIAID) grant R01AI101371. C.D.H. was supported by NIOSH grant K01OH010193, E.W. "Al" Thrasher Award 10287, NIEHS grant R01ES026973, and NSF grant 1316318. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
